The effect of Helminthosporium sacchari (HS) toxin isomers and related, pathogen-produced compounds on dark CO2 fixation in HSsusceptible sugar cane leaf slices was investigated. HS toxin consists of a mixture of three isomeric bis-5-O-(6-galactofuranosyl)-$-galactofuranosides (A, B, and C) differing in the position of one double bond in the sesquiterpene aglycone. Maximum inhibition of dark CO2 fixation in susceptible sugar cane (CP52-68) occurred within 30 to 40 minutes, and amounts necessary to reach 50% inhibition values typically were approximately 1.7 micromolar for natural toxin mixture (= 2:3:5 mixture of isomers A:B:C) and 4, 6, and 0.7 micromolar for isomers A, B, and C, respectively. Other fractions from cultures of the pathogen consist of comparable mixtures of sesquiterpene isomers but have only 1, 2, or 3 galactofuranose units (HS,, HS2, HS3) or two a-glucopyranose units as well as four il-galactofuranose units (HS6). The lower toxin homologs were not toxic to clone CP52-68, but protected sugar cane from the effects of toxin. Minimum ratios of protectant: toxin giving 95% protection were approximately 50:1, 6:1, and 12:1 for HS,, HS2, and HS3, respectively. HS2 and HS3 protected when added up to 12 minutes after toxin as well as when added with or before toxin. Some common plant galactopyranosides were not toxic and did not protect at 500:1 molar excess. The sample of HS6 was toxic at 500 micromolar, and did not protect apinst HS toxin. With the availability of purified, homogeneous preparations of HS toxin, homologs, and chemically modified or synthetic analogs, the dark CO2 fixation assay should prove to be a useful tool for understanding the mode of action of HS toxin.
that the toxin is a mixture of three isomers differing in the position of a double bond centered around carbon 4 of the carbobicyclic ring system of the aglycone (Fig. 1 ). The isomers, separable by HPLC, are present in approximate percentages of 20, 30, and 50 for A, B, and C, respectively.
The existence of multiple species of a host-selected pathotoxin is well documented (5) . In some instances, for example HMT toxin from H. maydis race T (18) and AAL toxin from Alternaria alternata f. sp. lycopersici (1) , the individual species have equal innate toxicity and selectivity. In others (AM toxin from A. mali [7] ), there are significant differences in toxicity to susceptible hosts which may be helpful in explaining the mode of action.
In the course of the isolation of HS toxin, the presence of nontoxic lower homologs in culture filtrates has been observed (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 17) . These lower homologs possess 1, 2, or 3 galactose units and are designated in this paper as HS,, HS2, and HS3, respectively, in order to distinguish them from active toxin (HS4).
Livingston and Scheffer recently reported a f3-galactofuranosidase from cultures of H. sacchari that was capable of converting HS4 to lower homologs (12) . Based on the structure of the three HS toxin isomers ( Fig. 1) , successive loss ofgalactose units would generate 21 different lower homologs, all of which have now been detected ( 13, 17) . Livingston and Scheffer (10) also reported that the then incompletely characterized, lower mol wt homologs were not active in inducing ion leakage from susceptible clones and, in a subsequent abstract (1 1) , indicated that they protected susceptible clones from HS toxin-induced leakage.
Potential precursors of the HS toxins have recently been isolated (13) and named HS6 (A, B, and C) because they constitute higher analogs differing from their HS4 counterparts through the additional presence of two a-glucosyl residues linked to the 2 position of the terminal galactose units. Structural aspects of HS toxin and its congeners have recently been reviewed (13) . This paper examines the biological activities of these natural products, using a quantitative assay based on inhibition of dark CO2 fixation in thin leaf slices (4) .
MATERIALS AND METHODS Plant Materials. Sugar cane clones CP57-603, C0453, and CP52-68 (all susceptible to H. sacchari [20] ) and CP76-1343 and H50-7209 (resistant) were obtained from Dr. J. L. Dean, USDA-ARS, Canal Pt., Fl. Plants were grown in 20-L plastic pots in a growth chamber under a 12-h photoperiod (22°C ± 2 at benchtop height). The Leaf strips were further processed to 1.0 cm width using a plexiglass, notched cutting guide, and finally sliced into sections 1 x 1O mm using the apparatus described by Rathnam (19) . Leaf slices were deposited directly into CaCO3-saturated distilled H20 containing 30 mg/l CaSO4, rinsed in distilled H20, then blotted on paper towels before transferring to 7- ,ug Chl/slice. Chl was measured by the method of Wintermans and DeMots (26) .
Dark CO2 fixation by sugar cane leaf slices was assayed as described by Daly and Barna for corn (4) , with several modifications. Reaction vials containing slices in 0.475 ml assay buffer were sealed with serum stoppers and incubated in a water bath at 22 ± 0.2C. For light pretreatments, the quantum flux (400-700 nm) was 9-15 x103 ME m-2 s-'. Dark'4C02 fixation was initiated, after a 5-min dark acclimatization (accomplished by jacketing vials with aluminum foil sleeves), by adding 25 M1 of 60 mm NaHCO3 containing sufficient NaH'4CO3 to give 600 to 800 dpm/nmol NaHCO3. The reaction was terminated after a fixed interval (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Galactose, a-methyl-galactopyranoside, and melibiose (all from Sigma) were dissolved in distilled H20 to make 0.5 M solutions; raffinose (Sigma) was made up to 0.25M. Under our growth conditions and using dark C02 fixation as an assay for sensitivity, susceptible clone CP52-68 showed the greatest sensitivity to HS toxin and was therefore used in most of the subsequent experiments.
RESULTS
In early stages of this research, we encountered considerable experiment-to-experiment variation in sensitivity of tissue to HS toxin. Some degree of variation is probably inherent in the tissue.
Since sugar cane is a polyploid, clonally propagated species, homogeneity of genetic makeup of sister clones cannot be controlled as readily as in seed-propagated plants. Further, clonal propagation does not allow ready selection of tissues which are ontogenetically identical, as was the case with the fourth true leaf of corn used in other similar studies (4). We were, however, able to identify two sources of experimental variation: (a) time of harvest of leaves and (b) 'aging' time between cutting slices and adding toxin. The first is likely to be a light/temperature stress affecting uppermost leaves during the photoperiod. A reversible reduction in sensitivity of sugar cane to H. sacchari and HS toxin at -30°C and higher has been noted previously (2, 8, 20, 23) . Sensitivity was improved by harvesting tissue at the start of the photoperiod before heat buildup had occurred near the chamber lights. It was further noted that toxin sensitivity and control fixation rates were substantially improved if leaf slices 118 DUVICK ET AL.
BIOLOGICAL ACTIVITY C were allowed to sit for 60 to 90 min in assay buffer before proceeding with the assay. Control rates of dark CO2 fixation in experiments reported here ranged from 7 to 19 nmol CO2 slice-' h-1 (0.2-0.5 jsmol mg Chl-' h-'). for inhibition of photosynthetic CO2 fixation by corn leaf slices treated with HMT toxin (4) . Toxicity of HS Toxin Isomers on Susceptible Sugar Cane. The effect of punfied HS toxin isomers on dark CO2 fixation in clone CP52-68 was determined over a range of concentrations from 0.1 to 18 gM (Fig. 3) . In a typical assay, isomer C inhibited dark CO2 fixation by 50% at 0.7 ,M, and isomers B and A at 4 and 6 ,uM, respectively. Thus, isomer C was approximately 6 and 9 times more toxic than B and A, respectively. Natural toxin mixture showed a level of toxicity intermediate between C and B, consistent with its composition (5:3:2, C:B:A) (Fig. 3) . In four independent experiments (including the one shown in Fig. 3 (Fig. 3) . In other experiments, the lowest concentrations of toxin that consistently gave detectable inhibition of dark CO2 fixation were 0.075 AM (isomer C) and 0.1 AM (mixture). It should be noted that the small amount of inhibition measured at these low concentrations would have decayed to near zero with longer incubation times, as shown by Figure 2 .
Dilutions prepared from duplicate independently prepared stock solutions of isomers A, B, C, and mixture gave results (data not shown) similar to those shown in Figure 3 .
Protection (0) were added at 15:1 and 6:1 molar excess, respectively. These ratios were previously shown (see Fig. 4 ) to protect 80 to 100% of dark CO2 fixation. All slices were incubated 120 min with toxin in the light, and HS2 or HS3 was added at various times ranging from 10 min before to 90 min after toxin. After 120 min in toxin, dark CO, fixation was measured for 20 min. Controls were incubated without toxin for 120 min; control rate was 7.7 ± 0.26 nmol/slice-h (average of nine replicates). Data points represent the average of three replicate vials. The first part of the curve is a line of best fit for data from -10 to + 12 min, and the curving portion represents the trend of the data. Similar results were obtained when dark CO2 was measured at 60 instead of 120 min (not shown). Number represents average rate of fixation of three samples, expressed as per cent of control rate (1 1.0 ± 0.5 nmol/slice-h; average of nine samples). (Fig. 5) . After this time, protective ability of the homologs declined over a period of 30 to 40 min, and by 90 min addition of protectant had no effect on toxin-induced inhibition of dark CO2 fixation. HS, and HS3 were also effective when added 10 min prior to addition oftoxin (Fig. 5) . The 'window ofprotection' (i.e., period from time zero to drop off in protection) was somewhat variable in duration from experiment to experiment, but consistently extended at least 5 min and as great as 15 min after toxin addition; a much higher molar excess of protectant extended the 'window' only slightly (data not shown).
Effect of a-Galactopyranosides on Inhibition by HS Toxin. The protective ability of D(+)galactose, a-methyl-galactopyranoside, and the naturally occurring a-galactopyranosides melibiose and raffinose, was tested under conditions similar to those 100. 120 DUVICK ET AL.
BIOLOGICAL ACTIVITY OF H. SACCHARI TOXIN used to measure protection by toxin homologs. No significant degree of protection against HS toxin was observed at up to 500:1 molar excess of galactosides (Table II) .
Effect of HS6 on Dark CO2 Fixation. HS6 had no effect on dark CO, fixation at concentrations betwen 1 and 50 AM (data not shown). However, HS6 was substantially inhibitory at 500
,M (70.6 ± 18% inhibition; average ofthree separate experiments [ Table I] ). Comparing this concentration to the concentration of HS4 (mixture) required to give the same degree of inhibition (-3 ,gM) (Fig. 3) , HS6 can be estimated to be approximately 150-fold less toxic than HS4.
HS6 did not protect susceptible tissue against HS4 when added at noninhibitory concentrations (Fig. 4) . At higher concentrations, HS6 had a synergistic effect on inhibition of dark CO, fixation by HS4: with 100 jM HS6, rates were from 10 to 50% lower than toxin-only rates, based on three separate experiments.
DISCUSSION
The data clearly demonstrate that an early response of susceptible sugar cane tissue incubated with purified HS toxin is a rapid, substantial (80-90%) inhibition of dark CO, fixation. The basis for HS toxin-induced inhibition of dark and photosynthetic CO, fixation is at present not known. Dark CO2 fixation may serve as a cytoplasmic 'pH stat', responding to proton fluxes (6) . Any perturbation of intracellular pH, as might result from membrane damage, would thus in turn affect CO2 fixation. Recent results from Schroter et al. (21; personal communication) lend support to this interpretation. They used microelectrode techniques to study the effect of HS toxin on the E,,,2 of the sugar cane leaf cell plasmalemma. Changes in E,,, (depolarization) were observed with toxin concentrations as low as 0.05 gM. At high toxin concentrations, the effect was measurable as early as 4 min after addition of toxin. Thus, an early effect of HS toxin on individual cells appears to be perturbation of a proton gradient across the plasmalemma. This effect may precede the onset of inhibition of dark CO2 fixation, which in leaf slices was not apparent until 15 to 20 min incubation (Fig. 2) . Electrolyte leakage from leaf discs also was first detected after 15 min exposure to HS toxin (20) , although this was in response to considerably higher concentrations of toxin (50 gg/ml) than in the present study. We cannot, based on present data, conclude which effect actually occurs earliest, since whole tissue response may lag behind that of individual cells due to diffusion barriers. While all three responses (depolarization, inhibition of dark CO2 fixation, and ion leakage) are consistent with a primary site for toxin action on the plasmalemma, our data do not rule out the possibility of a primary site of action other than the plasmalemma.
The partial recovery of dark CO2 fixation rates observed at low toxin concentrations (Fig. 2) may be related to the partial recovery ofE,,, that was observed by Schroter et al. (21) with low HS toxin concentrations under continuous light incubation. No recovery of E,,, was observed with high concentrations of toxin or under continuous dark incubation (21) . Thus at least two of the toxin's effects on sugar cane tissue apparently are partially reversible.
The lowest concentration of HS toxin mixture giving a detectable inhibition of dark CO2 fixation in CP52-68 (0.1 Mm) is within the same range as that reported as the lower limit for detection of ion leakage in the same clone by Scheffer and Livingston (20) (0.15 sg/ml or 0.17 uM) and for membrane depolarization by Schroter et al. (21) (0.05 uM) . On the other hand, the extremely high sensitivity reported for another clone (C0453), in terms of ion leakage (0.01 ,ug/ml or 0.012 gM) (20) , is difficult to reconcile with the fact that, under our conditions, clone C0453 is less sensitive to inhibition of dark CO2 fixation than is CP52-68.
The existence of three closely related isomers provided an interesting first step in determining structure/activity relationships of HS toxin. HS toxin isomer C, which possesses a double bond between carbons 3 and 4 of the aglycone (Fig. 1) was considerably more active than isomers B or A in inhibiting dark CO2 fixation in susceptible clone CP52-68. Isomer C probably accounts for most of the activity of natural mixtures, of which it constitutes approximately 50%. The same relative and absolute toxicities were obtained from independently isolated and purified preparations, making it unlikely that dilution errors can account for the difference. Clearly, the toxicity of the HS toxin molecule is significantly influenced by differences in three-dimensional structure related to an altered point of unsaturation in the aglycone. Chemical modification of HS toxin functional groups and synthesis of toxin analogs, as has been done with HMT toxin (24) , should provide additional information on structure/activity relationships.
Several interpretations ofthe slight toxicity of HS, are possible: (a) HS6 itself is marginally toxic; (b) the HS, preparation may contain a small amount (0.5-1%) of active toxin (HS,) which accounts for its activity; (c) small amounts of HS, are converted to HS4 by the action of glucosidases in sugar cane tissue. Experiments are underway to distinguish among these possibilities.
Another aspect of the relationship between structure and activity is apparent in the comparison between the biological activity of HS4 and that of its homologs. HS, HS,, and HS,, were not toxic to three susceptible sugar cane clones; this indicates a minimum requirement of four galactose units per HS toxin molecule for toxicity. Addition of glucopyranosyl groups to both termini (i.e., HS() also reduced toxicity, a further indication of the structural constraints on toxic activity. These homologs do, however, possess biological activity, as demonstrated by their effect on inhibition of dark CO2 fixation by HS4. The protection of susceptible sugar cane by HS,, HS,, and HS3 confirms the earlier report by Livingston and Scheffer ( 11) (22) . Since in the earlier experiments leaf strips were incubated in a-galactoside solutions for 24 h prior to assaying for sensitivity to HS toxin (leaf puncture assay), it is possible that the observed protection was an indirect
